Abstract PM 2.5 (particulate matter) is an important object for air quality monitoring, and the research on related influence factors and diffusion process of PM 2.5 plays a key role in the fight against pollution of fog and haze. Based on the air quality monitoring data and related meteorological data of 16 districts of Beijing during November 2016 and December 2017, such methods as time-series analysis and nonparametric test are adopted to describe the variation trend of PM 2.5 concentration in space and time and its disparities in different seasons, time periods and areas. Linear regression method is used in most of the previous research on influence factors and prediction of PM 2.5 concentration, but actually, the relation between these factors is rather intricate and it is usually nonlinear. So, generalized additive model (GAM) is used in this paper to analyze the impact that different influence factors, especially their interaction, have on PM 2.5 concentration and its diffusion process. The result shows that in the dimensionality of time, PM 2.5 concentration has strong autocorrelation over time and it is most significant in the first to the third order (lag 0-lag 3). Throughout the year, PM 2.5 concentration is relatively high in winter and low in summer. It is usually the lowest during 16:00-18:00 and the highest during 9:00-11:00 every day and far higher at night than in the daytime (MD = -6.455, P = 0.003). And in terms of space, PM 2.5 concentration shows distinct spatial gradient and it gradually decreases from south to north (MD = -19.250, P = 0.004). It is found in the analysis of influence factors of PM 2.5 concentration that the change of PM 2.5 concentration is a complex nonlinear time series driven and affected by many factors; among these factors, the interaction between air pollutants and meteorological elements is the most prominent, while average wind speed (WS lag 1) plays a decisive role in the entire diffusion process, and it explains the whole diffusion of PM 2.5 concentration to a large extent.
Introduction
Haze, as a collective name for fog and haze, is a kind of weather phenomenon in meteorological science. Fog is the outcome of condensation of water vapor (or deposition) in the air of atmospheric surface layer, and the core materials of haze include the aerosol particulate matter suspended in the air, mainly coming from such artificial sources as industrial pollution, fossil fuel combustion and biomass burning as well as the natural sources like soil dust. PM 2.5 is not only an important component of haze, but also a key object for air quality monitoring. It degrades the atmospheric visibility and increases the morbidity and mortality of respiratory disease and cerebrovascular disease [1, 2] . In recent years, unusual hazy weather has been frequently sweeping over China, dramatically deteriorating air quality and severely affecting normal production activities. Since the year of 2012, PM 2.5 has been added to ''Air Quality Standards'' as a conventional index and its real-time concentration has also been appended to the air quality monitoring system of Ministry of Environmental Protection and the People's Republic of China. Therefore, to figure out the related influence factors and diffusion process of PM 2.5 is vital to find an effective governance approach.
Existing international study on fog and haze mainly includes: (1) the composition and sources of haze pollutants, (2) the correlation between urban air pollution and meteorological elements and (3) the virtual and forecasting of numeric value of regional airborne pollutant concentration. With regard to the root of haze, Zhang et al. [3] have believed that the use of non-clean energy is the most fundamental cause of the pollution of fog and haze in China and that the exploding urbanization process in China in recent years is the immediate cause [4] . Related meteorological conditions, including temperature, relative humidity and height of planetary boundary layer, play a significant role in the formation, distribution, maintenance and variation of these pollutants. Most previous study on influence factors and prediction of PM 2.5 concentration has adopted the method of linear regression, but in fact, there is complicated relationship, usually nonlinear, between these factors. So, scholars have begun to use generalized additive model to depict the complex relations between these potential variables and PM 2.5 concentration in recent years. Song and others [5] have applied generalized additive model and multi-source monitoring data to describe and changes of PM 2.5 concentration in Xi'an City. For the independent variables, SO 2 and CO will be considered as linear functions, while NO 2 , O 3 , AOT and temperature as single-variable smooth nonlinear functions and wind scale as two-variable smooth nonlinear function. The final explanation rate of the model is 69.50%. Li et al. [6] have brought in principal component analysis (PCA) approach into generalized additive model (GAM), proposed and used PCA-GAM to forecast PM 2.5 concentrations in Beijing Municipality, Tianjin Municipality and Hebei Province, and the results have shown that compared with conventional land-use regression model, that model has a higher accuracy rate (R 2 = 0.94). In conclusion, PM 2.5 concentration increases for the following two causes: the meteorological elements featured by southeast wind, temperature inversion and high relative humidity which go against diffusion and the pollution factors featured by the increase in the concentration of suspended particulate matter [7] [8] [9] [10] [11] [12] . Among them, pollution is the internal cause, which is closely related to human activities and which can be controlled while meteorological element is the external cause and it cannot be controlled [13] .
To sum up, the foregoing research work mainly integrates specific pollution process and analyzes the numeric changes of PM 2.5 and the impact a single meteorological factor has on PM 2.5 ; in other words, it only conducts research on fog and haze within a short time, and it is not universally applicable. Even for the same city, PM 2.5 , together with air pollutants, meteorological elements and other factors, has formed a complex nonlinear dynamic system, which has multilayered scale structure and local variations in the time domain [14] . Therefore, based on the analysis of change rule of particulate matter (PM 2.5 ), the promotion or inhibition that precursor pollutants (i.e., SO 2 , NO 2 , CO) and meteorological elements have on PM 2.5 has been taken into consideration, and research has been conducted to PM 2.5 concentration in Beijing from the dimensions of time and space by using the air quality data released by Beijing Municipal Environmental Monitoring Center and the meteorological data published by China Meteorological Administration to analyze its features in different stages. Generalized additive model (GAM) is a flexible statistical model, which can be used to detect the influence of nonlinear regression. Nonparametric regression does not require models to satisfy linear assumptions and can detect the complex relationship between data flexibly. However, when the number of independent variables in the model is more, the estimated variance of the model will increase, and each additive item in the GAM model is estimated by a single smooth function. In each additive item, how the dependent variable varies with the independent variable can be explained well. GAM is constructed with the focus on the analysis of the impact the interaction of different influence factors has on the changes of PM 2.5 concentration to find the key influence factors and analyze the entire change process of PM 2.5 concentration.
Data and research methods

Data
According to the information provided by Beijing Municipal Environmental Monitoring Center, 35 air pollution monitoring stations have been selected with complete coverage of all districts of Beijing, and the information and locations of every monitoring station are shown in Fig. 1 simplify the research process, 16 districts of Beijing have been divided into three regions from north to south (see Table 1 ) in four seasons: spring (March-May), summer (June-August), autumn (September-November) and winter (December-February). Besides, time-series plot is used to depict the changes in daily PM 2.5 concentration.
Generalized additive model
The function in GAM can be identified by the reverse fitting method; it can be applied to the analysis of a variety of distributed data. The model can include both the parameter fitting part and the nonparametric fitting part. All the interpretative components in the GAM are all kinds of smoothing function forms to explain the variables. It is suitable for the analysis of many complex linear relations. In recent years, nonparametric models have attracted increasing attention from scholars. Hastie and Tibshirani have applied additive model into generalized linear model (GLM) and come up with the concept of generalized additive model (GAM) in 1990, which, in its essence, is to connect the expectation of response variable with the additivity in the additive model via the connection function [15] in the following formula.
In this formula, E(Y) is the expectation of Y. s 0 is the intercept and s i (.) (i = 1, 2,…p) is a nonparametric smooth function and Es i (X i ) = 0. It can be a smooth spline function, a local regression smooth function or a kernel function. g(.) is the connection function and g(.) can be represented in the following forms for predictive variables of different distribution types. GAM obtains the most suitable trend line of source data by identifying and accumulating multiple functions. By dealing with the complex nonlinear relationship between the dependent variables and the explanatory variables, the nonparametric regression is fitted. The algorithm iteratively fits and adjusts the function to reduce the prediction error. In fact, GAM pays more attention to nonparametric exploration of data, which is more suitable for analysis and interpretation of the relationship between the response variable and the explanatory variable. The specific analysis of generalized additive model uses R version Rx64.3.4.3 and mgcv package coming from The R-Project for Statistical Computing, i.e., https://www.r-project.org/. Table 2 ). Besides, 16 districts have experienced the limit of Grade I PM2.5 concentration (55 ug/m 3 ) for over 54% of total days and the limit of Grade II PM2.5 concentration (75 ug/m 3 ) for over 22% of total days. During the analysis, it is found that there also exist seasonal fluctuations in the variation of PM2.5 concentration (see Fig. 2 ). Haze weather occurs 47 times during the research: 9 in spring, 9 in summer, 14 in autumn and 15 in winter, and it usually lasts 1-8 days in spring, 1-2 days in summer, 1-3 days in autumn and 1-9 days in winter featured by large-scale persistent outbreak. Overall, PM 2.5 concentration is relatively high in winter and low in summer, and the difference between spring and autumn has no statistical significance (MD = -0.791, P = 1.000, see Table 2 ), showing a U-shaped curve all over the year. The main reason is that in winter more coal is burned for heat, increasing the particulate matter discharged to the atmosphere, and from the view of meteorological conditions, pollutant usually diffuses slowly in winter with stable atmospheric stratification of troposphere, no cold air and high-rise buildings in urban areas while the high temperature, exuberant air convection and large precipitation in summer have promoted the deposition of particulate matter. Additionally, Mann-Whitney U test is used to identify the discrepancy of PM 2.5 concentration between weekdays and weekends, and the result shows that P = 0.544 ([ 0.05), suggesting that the difference of these two groups of data is not significant in statistics.
Expand the above research process and use MATLAB 2014a tool box to conduct autocorrelation analysis on daily PM 2.5 concentration to reveal its time-series characteristics, as indicated in Fig. 3 . The result has shown that the top and bottom critical values of autocorrelation coefficient are ± 0.163, respectively, and the first-order autocorrelation coefficient is 0.6. It can be seen that PM 2.5 concentration of Beijing has strong autocorrelation over time, and it is the most significant from the first to the third order. Besides, , and meteorological factors include temperature (°C), atmospheric pressure of sea level (hpa), relative humidity (%), wind speed (km/h), precipitation (mm) and sunshine hours (h). On this basis, adopt generalized additive model to describe the impact a single influence factor and interaction have on PM 2.5 concentration with daily average PM 2.5 concentration as the response variable and the daily average numeric value of related influence factors as the explanatory variable.
Preanalysis of explanatory variable
According to the analysis result of Q-Q Chart in SPSS, it can be found that daily average concentration of PM 2.5 is approximately subject to gamma distribution (Y * (a, k) ). So, use log connection function to connect explanatory variables with response variable subject to gamma distribution via linear combination and calculate the Pearson correlation coefficient between any two explanatory variables to prevent them from distorting the model estimation due to the existence of severe collinearity (|r| [ 0.8). It can be known from the calculation result (Table 3 ) that the correlation coefficient between temperature (t) and sunshine hours (sh) is 0.922 and that between temperature (t) and sea-level atmospheric pressure is -0.900, suggesting that the longer the same region experiences the sunshine, the higher the temperature is. If other causes such as power are not taken into consideration, the higher the temperature is, the faster the atmosphere expands and rises because of heat, namely that the lower the atmospheric pressure is. Sunshine hour is used to represent temperature index in this paper to avoid concurvity in the construction of multivariable curve model. Moreover, though the correlation coefficient between NO 2 and CO has reached 0.856, they are not eliminated as they come from different sources.
It can be known from Fig. 3 that the autocorrelation between PM 2.5 concentration in Beijing over time is very strong, which is most obvious in first to third order. But in a short period of time, the development scale, geographical conditions, emissions of industrial pollution and automobile exhaust of a region are relatively fixed, so the change of PM 2.5 concentration is mainly related to local meteorological conditions. Next, emphasis is placed on analyzing the correlation between PM 2.5 and various meteorological factors located from lag 0 (current PM 2.5 concentration) to lag 3 (PM 2.5 concentration 3 days ago). With Spearman correlation coefficient (r s ) as a measurement criterion, the meteorological elements with a Spearman correlation coefficient bigger than 0.3 (r s [ 0.3) are selected as the explanatory variables of the model. And the result is shown as follows.
Integrate the result of Table 4 and take SO 2 , NO 2 , CO, O 3 , wind speed lag 1 (r s = -0.564, P \ 0.01), sea-level atmospheric pressure lag 3 (r s = 0.301, P \ 0.01), relative humidity lag 0 (r s = 0.367, P \ 0.01) and sunshine hour lag 0 (r s = -0.308, P \ 0.01) as explanatory variables and daily PM 2.5 concentration as response variable into the final model (Formula 3). On this basis, spline smooth function is adopted to analyze the impact every explanatory variable has on response variable and the final goodness of fit of the model. logðEðYÞÞ ¼ s 0 þ sðSO 2 ; bs ¼ crÞ þ sðNO 2 ; bs ¼ crÞ þ sðCO; bs ¼ crÞ þ sðO 3 ; bs ¼ crÞ þ sðWSlag 1 ; bs ¼ crÞ þ sðAPlag 3 ; bs ¼ crÞ þ sðRH; bs ¼ crÞ þ sðSH; bs ¼ crÞ ð3Þ The result has shown that all influence factors play a great impact on the change of PM 2.5 concentration when P \ 0.01, namely that every influence factor is statistically significant as explanatory variable of variation of PM 2.5 concentration alone. Among them, the big explanation rates of CO, NO 2 and wind speed (WS lag 1) to the variation of PM 2.5 concentration (47.5, 44.9, 36.7%) and correction coefficients of determination (0.468, 0.439, 0.357) indicate excellent degree of fitting in the existing model, while the small explanation rate of sea-level atmospheric pressure (AP lag 3) to the variation of PM 2.5 concentration (7.56) and the correction coefficient of determination (0.0709) means a bad degree of fitting in the current model (see Table 5 ).
Besides, when degree of freedom (df) is 1, the function is a linear equation, suggesting that there exists a linear relation between explanatory variables and response variable. When it is bigger than 1, the function is a nonlinear curve equation and the bigger it is, the more significant the nonlinear relation is. Among eight explanatory variables in this experiment, there is certain nonlinear relationship between SO 2 , relative humidity (RH) and sea-level atmospheric pressure (AP lag 3) and PM 2.5 (with a degree of freedom of 2) and significant linear relationship between other factors and PM 2.5 . So, variation of PM 2.5 concentration is a sophisticated nonlinear time variation series driven and affected by multiple factors. By building generalized additive model between explanatory variables and PM 2.5 concentration, the effect plot between explanatory variables and PM 2.5 concentration can be obtained. In Fig. 5 , the independent influence every predictive variable has on PM 2.5 is depicted: the dashed line refers to the point-topoint standard deviation of fitting additive function, namely the top and bottom limitations of confidential interval and the full line is the smooth fitting curve of PM 2.5 concentration. X-axis is the measured value of various explanatory variables, and Y-axis is the smooth fitted value of different explanatory variables over PM 2.5 concentration.
It can be found from Fig. 5 that the variation of PM 2.5 concentration is affected by multiple influence factors.
Interact the explanatory variables and analyze the impact the interaction terms have on variation of PM 2.5 concentration. It can be known from the calculation result of Table 6 that the interaction terms have very big numeric value in degree of freedom, suggesting that they have significant nonlinear relations with variation of PM 2.5 concentration. Additionally, 28 interaction terms in the model equation have got through the significance test with an explanation rate between 19.6 and 58.0% and a significant rise compared with single-factor model, proving that the fitting degree of the model has reached a high standard. The top five places in fitting degree are CO-WS lag 1 (58%), CO-SH (56.2%), SO2-WS lag 1 (54.8%), NO 2 -WS lag 1 (51.9%) and CO-RH (50.7%), and they are combinations of precursors and meteorological elements. It states that PM 2.5 concentration changes mainly under the interaction between air pollutants and meteorological elements from one side, and the calculation result has also shown that wind speed (WS lag 1) has played a decisive role in the entire diffusion, and it can largely explain the entire change of PM 2.5 concentration. Take average wind speed (WS lag 1) as the key factor and analyze the impact the interaction between the average wind speed and concentration of air pollutants has on PM 2.5 concentration as shown in the Fig. 6 .
When CO concentration is low, PM 2.5 concentration slowly decreases with the increase in average wind speed (WS lag 1), and when the average wind speed (WS lag 1) is quite low, the concentration of PM 2.5 sees a fluctuant increase with the increase in CO concentration. It means that wind speed can dilute CO concentration in the air and it significantly affects the mixing effect of pollutants when the wind speed is low and increases PM 2.5 concentration.
NO 2 and SO 2 have similar variation relations with average wind speed (WS lag 1). When NO 2 /SO 2 is low in concentration, average wind speed can diffuse and dilute and stabilize PM 2.5 concentration within a relatively low interval. However, with the increase in NO 2 /SO 2 concentration, average wind speed plays a less and less significant role, indicating that their concentration in the air has a critical value. Once it exceeds that value, the average wind speed plays a more significant role on the mixture of NO 2 and SO 2 and promotes the occurrence of secondary chemical reaction, so the pollutants in the air cannot be effectively diluted.
As O 3 is mainly distributed in the stratosphere with a height of 10-50 km, average wind speed (WS lag 1) barely has any influence. It can be learnt from Table 3 that there is certain negative correlation between O 3 and NO 2 and the increase in NO x will increase secondary nitrate particulate matter and produce release PM 2.5 . On the other hand, the low visibility caused by rise of PM 2.5 concentration will suppress the production of O 3 . So, it can be concluded that there also exists negative correlation between PM 2.5 concentration and O 3 concentration. In recent years, PM 2.5 concentration in China has dropped a bit, but O 3 pollution has become increasingly serious, especially in summer. It seems that O 3 may become the primary pollutant in place of PM 2.5 . Therefore, PM 2.5 and O 3 shall be taken into collaborative control in the governance.
In the previous research on the relationship between PM 2.5 and meteorological elements, the majority focuses on wind speed and proves that there is negative correlation between them [26, 27] , which has also been verified in this paper. What is different is that based on the precursors of PM 2.5 , time autocorrelation has also been taken into consideration and time-delay characteristic of meteorological elements have also been taken into test. The calculation result has shown that SO 2 , NO 2 , CO, O 3 , wind speed lag 1 (r s = -0.564, P \ 0.01), sea-level atmospheric pressure lag 3 (r s = 0.301, P \ 0.01), relative humidity lag 0 (r s = 0.367, P \ 0.01) and sunshine hour lag 0 (r s = -0.308, P \ 0.01) are the variables most correlated with daily average PM 2.5 .
Conclusions
The pollution of fog and haze, as one of the most severe environmental pollution problems in recent years in China, has a great effect on the physical and psychological health and regular travel of the public and the economic development of the state. In the critical period of economic development in China, it is urgent to solve fog and haze pollution. Generalized additive model is adopted in this paper to analyze the spatial-temporal characteristics of pollution of fog and haze and the impact brought by various influence factors and the interactive terms in Beijing and the surrounding regions, and the entire diffusion process is analyzed on this basis. The key conclusions are as follows.
(1) There exists a significant spatial gradient in pollution of fog and haze in Beijing and the surrounding areas, as indicated by progressive decrease from south to north (MD = -19.250, P = 0.004, as shown in Table 2 ), which is mainly the result of mutual accumulation of regional pollution. The northern area is surrounded by mountains and plenty of green vegetation can purify the air to a certain degree [16] .
On the other hand, as the southern area is adjacent to such severely polluted regions as Tianjin Municipality and Hebei Province, external influence is more significant [17] [18] [19] . So, regional collaborative prevention and treatment is required to control the pollution of PM 2.5 in Beijing and special attention shall be paid to the transmission of pollutants from the southwest and the control of major sources. (2) PM 2.5 concentration fluctuates greatly in different reasons. As a whole, the concentration of PM 2.5 is relatively high in winter and low in summer with a U-shaped distribution all year round. According to ''Measures of Beijing Municipality for Administration of Heat Supply and Use,'' the heating period of this Municipality is from November 15 of the current year to March 15 of the next year, so PM 2.5 concentration goes up in winter mainly because household heating increases and causes more particulate matter discharged into the air [17, 18, 20] . Earlier, the seasonal characteristics of spring drought, few rains and strong wind as well as unreasonable human activities in Beijing have frequently resulted in large-scale outbreak of sand storm, but in the experiment result of this paper, PM 2.5 concentration does not increase greatly in spring, suggesting that the sandstorm source control project in Beijing-Tianjin-Hebei Region has worked well. Besides, some research achievements have once pointed out that there is a difference in pollutant concentration between weekdays and weekends [21, 22] , but according to the experiment result of Mann-Whitney U test in this paper, the foregoing difference is not statistically significant and the credit should be given to the implementation of vehicle ban policy in China. (3) The daily change rule of PM 2.5 is subject to the height of boundary layer [23] . According to the calculation result, the lowest concentration usually occurs during 16:00-18:00 and the highest during 9:00-11:00 every day. Generally speaking, the peak PM 2.5 concentration in the morning is caused by human activities, while the fall of PM 2.5 concentration in the afternoon is because the increase in height of boundary layer has accelerated the diffusion of PM 2.5 . In the nighttime, the height of boundary layer drops again and human activities increase, so PM 2.5 concentration rises again. Therefore, PM 2.5 concentration every morning (7-12 a.m.) is much lower than every night (7 p.m.-6 a.m.) (MD = -6.455, P = 0.003). Especially in winter, heating increases from coal burning and so does the particulate matter released to the air. Besides, less solar radiation also moves the time when the height of boundary layer falls in advance, so the nighttime PM 2.5 level is relatively high in winter [24, 25] . (4) PM 2.5 concentration changes mainly due to the interaction between air pollutants and meteorological elements [26, 27] . In the entire diffusion process, average wind speed (WS lag 1) plays a decisive role and it affects the diffusion of CO and the occurrence of secondary reaction. For NO 2 and SO 2 , average wind speed (WS lag 1) has a critical value. The concentration of NO 2 and SO 2 remains stable below the critical value, and secondary reaction occurs when exceeding the critical value. For O 3 , as it is mainly distributed in the stratosphere with a height of 10-50 km, average wind speed (WS lag 1) has no effect on it, but it can be concluded that there is negative correlation between PM 2.5 concentration and O 3 concentration through the calculation result. Therefore, in the governance, they shall be taken into collaborative control.
